Electronic self-decoupling of an organic chromophore from a metal substrate is achieved using a naphtalenediimide cyclophane to spatially separate one chromophore unit of the cyclophane from the substrate. Observations of vibronic excitations in scanning tunneling spectra demonstrate the success of this approach. These excitations contribute a significant part of the tunneling current and give rise to clear structure in scanning tunneling microscope images. We suggest that this approach may be extended to implement molecular functions at metal surfaces.
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electron transport | functional molecules at surfaces | scanning tunneling microscopy | vibronic states P redictions are difficult, especially about the future. We hope that this truism will be valid for the future of surface science, too. Nevertheless, it appears to be safe to predict that functional molecules at surfaces will be one of the foci of surface science over the next decade. The opportunities in this field are virtually unlimited and range from technological issues such as controlling interface effects in organic devices to adventurous endeavors such as building molecular machines at surfaces. Although these topics are most challenging, the present state of the experimental and theoretical methods of surface science is good reason for optimism that significant scientific progress will be made in this field.
This article focuses on the electronic coupling between molecules and a metal substrate. At the interface, charge transfer and hybridization affect the levels of an adsorbed molecule, which may significantly modify its properties. To recover and use the intrinsic molecular properties, which may be taylored over a wide range, a degree of decoupling from the metallic surface may be desirable. Effective molecular decoupling has been achieved using multilayers of molecules (1) or ultrathin insulating layers (2) (3) (4) (5) . An alternative approach is to chemically modify a molecule using spacer groups in order to lift a particular subunit from the substrate. With this aim, for instance, bulky groups have been used to preserve switching capability of an azobenzene derivative (6) (7) (8) (9) (10) (11) . Previously, this approach was used to obtain an electrical insulation of a model molecular wire (12) . However, these molecules turned out to be too flexible and thus deformed upon adsorption at metal substrates (13) .
Here we use designed cyclophanes to achieve decoupling of one chromophore from a metal surface. These cyclophanes consist of two rigidly separated parallel π-systems from which only one adsorbs to the surface, whereas the second one is expected to remain separated from the metal. Thus, cyclophanes represent a class of molecules that are particularly interesting for investigating columnar π-stacking and through-space or through-bond electronic conductance (14) (15) (16) . A naphthalenediimide (NDI) cyclophane ( Fig. 1 ) was chosen as a model compound for the present study. It is demonstrated that this organic molecule, with its height of a few angstroms on a metallic substrate, provides sufficient electronic decoupling of the top chromophore to enable detection of vibronic modes in scanning tunneling spectroscopy.
These modes give rise to large signals that can be visualized with submolecular resolution in real space.
A linear NDI (Fig. 1A ) and two NDI cyclophanes (Fig. 1B) , an unsubstituted symmetric NDI cyclophane and a tert-butyl-thiol substituted NDI cyclophane, also referred to as asymmetric NDI cyclophane, have been used in the present experiment. The synthesis of various NDI cyclophanes and first scanning tunneling microscope (STM) investigations of unsubstituted symmetric NDI cyclophane on a Au(111) surface have been reported else- where (17, 18) . The asymmetric NDI cyclophane arranges into large islands composed of periodic parallel rows. Its STM image (Fig. 1C) resembles the appearance of the upper NDI chromophore as can be seen from the superimposed molecular structure. In many experimental runs, linear NDI model compounds deposited on the same surface (Fig. 1D ) never showed a similarly detailed resolution of their single chromophore. This observation is consistent with the expectation that the three-dimensional geometry of the cyclophane reduces broadening of the imaged molecular levels. Similarly, the differential conductance spectrum of the linear NDI molecule reported in Fig. 1E shows broad and weak structures at positive and negative voltages, whereas the dI∕dV spectrum acquired over the NDI cyclophane (Fig. 1F) shows a clear-cut structure at positive voltages and the onset of a broader feature at the negative voltages. The dI∕dV spectrum displays a wide gap of ≈3.3 V, which is comparable to the optical band gap of the unsubstituted NDI chromophore in absorption spectroscopy (≈3.3 eV) (18) . Moreover, this gap is substantially larger than the optical gap of tert-butyl-thiol substituited NDI (≈2.3 eV). We thus infer that the cyclophane is oriented with the tert-butyl-thiol substituted NDI at the substrate and the unsubstituted NDI on top, which is also likely because the presence of the thio-ether moieties should favor the adsorption of the substitued NDI on the gold surface. These observations are consistent with the observed similarity of the present STM images with earlier data (17) and with the comparable zero conductance gap and multiple structure of the affinity level in the differential conductance spectra reported in Fig. S1 , from unsubstituted symmetric NDI cyclophanes.
We note that a small apparent height difference of ≈0.05 nm between the central lobes of the NDI cyclophane is observed. Geometry optimizations of simplified models for the unattached cyclophane molecule yield two energetically similar conformations with the voluminous tert-butyl groups situated in syn and anti positions relative to the main molecular axis, called C and S shape below. Although the NDI planes enclose an angle of ≈36°i n the C conformer, the two chromophore planes are arranged coplanar to each other in the S conformer. The observed height difference and the shape of the individual molecules displayed in Fig. 1C may indicate that the adsorbed cyclophanes adopt a C conformation.
Below we focus on the molecular resonances observed at positive voltage. Fig. 2 A and B displays typical current-voltage characteristics and corresponding differential conductances from this voltage range. The step-like increase of the current corresponds to a series of equidistant peaks of dI∕dV . From a linear fit of the peak energies (Fig. 2C ) an average spacing of 215 meV is determined. Such spectra acquired over different molecules and at different initial feedback parameters exhibit the same sequence of peaks (Fig. 2D) . Additionally, the STM image of the NDI cyclophane displays a remarkably bright S-shaped region between adjacent molecules in the same voltage range (Fig. 2E) .
The combination of STM images and spectroscopy suggests a partial decoupling of the top chromophore of the NDI cyclophane. At high positive bias, an electron may resonantly tunnel from the STM tip to an affinity level of the upper NDI chromophore (Fig. 3) . Because of the rigid cyclophane structure, coupling with the metal is reduced and tunneling electrons may efficiently couple to vibrational levels of the transiently charged chromophore. We note that an alternative interpretation of the multiple peaks in terms of equidistant molecular orbitals is not expected according to density functional theory (DFT) calculations of free NDI cyclophane molecules (19) . An analysis of the near infrared vibrational modes of NDI reveals that an intense vibrational band, which is related to the stretching mode of the C═O bond, has a vibrational energy of ≈205 meV. This value is close to the measured peak spacing of 215 meV. Such vibrational modes are expected to give rise to particularly intense signals in tunneling spectroscopy as they involve a large change of the molecular electric dipole moment upon excitation.
Vibrationally mediated inelastic tunneling usually leads to rather weak variations of the total tunneling current (20) . In a number of previous studies, molecules were deposited on ultrathin oxide layers to increase the lifetime of an excited molecular state and somewhat larger signals were obtained. In these cases, coupling to vibronic states of a charged molecule led to equidistant substructures superimposed on intense electronic features (4, 21-23). In the present data from cyclophanes the vibronic structure is particularly clear and intense. It actually dominates the image contrast in conventional constant-current imaging, which may imply extended excited-state lifetimes (24, 25) . The STM image in Fig. 2E was recorded at a sample bias, which corresponds to the most intense maximum of the vibronic structure. Usually, more sophisticated imaging modes such as mapping of d 2 I∕dV 2 (20) or photon emission intensities (26) have to be used to visualize the spatial distribution of small inelastic tunneling channels. In contrast, in the present case of cyclophane molecules, vibronic features dominate the contrast in conventional constant-current images, which highlights the extraordinary size of the observed effects. Closer inspection reveals that the vibronic signal is strongest in S-shaped regions between adjacent molecules. This position is the area of the carbon-oxygen double bonds (C═O) of top NDI according to the structure proposed in Fig. 1B .
In repeated spectroscopic measurements from NDI cyclophanes, we observed that the onset of the vibronic progression varies to some extent. The examples shown in Fig. 4A demonstrate that shifts of ≈100 meV may occur. An STM image recorded at voltages near the onset (Fig. 4B) visualizes this variability. The variation of the onset from molecule to molecule may be attributed to small differences of the molecular configurations and positions on the Au(111) substrate as well as intermolecular interaction within the layer (27) ; see also Fig. S2 .
To tune the tunneling rates through the molecular junction, it would be desirable to decrease the tip-molecule distance. The range over which tunneling was observed, however, is surprisingly small, and a contact between the tip and the upper NDI chromophore is formed upon approach of the STM tip toward the molecule. Fig. 5A shows the evolution of the current versus tip displacement, starting from an initial position z 0 , which is defined by the tunneling parameters used before opening the STM feedback. In Fig. 5A , an exponential current variation, which is typical of tunneling, is observed over a small range of ≈0.05 nm. Next, a rapid rise of the current occurs, which signals the transition to a single molecule contact (28, 29) . At contact, further approach of the tip initially has little impact on the current. Up to this point, the current-displacement data are similar to earlier results (30) . However, a renewed rise occurs beyond tip displacements of −0.12 nm. Although it will be interesting to analyze in detail this behavior in future work-we hint that it might be linked to the mechanics of the single molecule contact-we now focus on evaluating the distance between the STM tip and the upper NDI chromophore. From the intersection of linear fits to the transition and contact regions, a contact distance z c may be defined (Fig. 5A) . We find z c ≈ 0.06 nm. This small extension of the vacuum gap between the tip and the molecule was observed at a sample bias V ¼ 1 V, i.e., within the conductance gap (cf. Fig. 1F ). The tip-sample distance increases substantially when resonant tunneling to vibronic states becomes feasible. This is evident from Fig. 5B , which displays the apparent heights of a cyclophane island at V ¼ 1 V and V ¼ 3 V. When the voltage applied to the sample is changed from V ¼ 3 V to V ¼ 1 V, thus approaching the tip, a drastic change of the height, Δh ≈ 0.4 nm, is observed.
An example of the tip displacement as function of the voltage in a similar voltage range is reported in Fig. S3 . Consequently, the overall extension of the vacuum gap, z, can be approximated as the sum Δh þ z c .
The above data on the junction geometry show that the vertical extension of the molecule d ≈ 0.5 nm is comparable to size of the vacuum gap at high voltage (V ≈ 3 V). This may result in a variation of the electrostatic potential over the molecule, which in turn would have to be considered in analyzing the spectroscopic features. Indeed, in studies of electron transport through single molecule contacts, the molecular levels are often assumed to float between the Fermi levels of the tip and the sample. In STM, however, molecular levels are usually assumed to be fixed relative to the Fermi level of the sample.
For an estimate of the voltage drop over the cyclophane, we model the junction by a plate capacitor that is partially filled by a dielectric (Fig. 5C ). This leads to a voltage drop V d ¼ ðϵ m z∕d þ 1Þ −1 V , where ϵ m is the dielectric constant of the molecule and z is the tip-molecule distance. The molecular height, d ≈ 0.5 nm, is taken from the optimized geometry of the cyclophane (19) . ϵ m ≈ 28 may be estimated from the molecular polarizability extracted from DFT calculations. Thus, the voltage drop over the molecule can be considered dependent from the vacuum gap extension, z. At tip-molecule distances corresponding to the initial setpoint used in the dI∕dV spectra reported in Fig. 2 , and owing to the large dielectric constant, a small voltage drop V d ≈ 0.04 V is obtained, which has little influence on the energy spacing or the onset of the vibronic progression in the reported spectra. The situation is different when voltages within conductance gap are applied. In those cases, due to the extremely small tip-molecule distance, larger voltage drops (≈25% of the applied voltage at V ¼ 1 V) over the molecule are expected, which may influence the apparent onset of the affinity level in the conductance spectra. Although the above considerations are certainly rather simplistic, they indicate that some voltage drop may occur over the cyclophane, similar to the case of planar molecules on insulating ultrathin films (4, 22) . The deviation between the experimentally determined vibrational energy and the DFT result may partially be attributed to this effect.
In summary, a rigid NDI cyclophane was designed to achieve a degree of electronic decoupling of an organic chromophore from a metal substrate. The molecular structure serves to spatially separate one of its two π-electron systems from the substrate. The success of this approach is verified from observations of vibronic excitations in scanning tunneling spectra. Surprisingly, these excitations cause a significant part of the tunneling current and give rise to intense structure in STM images, which therefore reflect the probability of exciting vibrational modes at C═O bonds. We suggest that this approach may be extended to a range of molecules and that it may prove useful in implementing molecular functions, which are familiar from solutions, at metal surfaces.
Material and Methods
The experiments were performed in a homebuilt ultrahigh vacuum scanning tunneling microscope (STM), operated at 5 K. Chemically etched W tips and Au(111) surface were prepared by Ar þ sputtering and subsequent annealing. The molecules, linear NDI and NDI cyclophanes, were deposited from a heated tantalum crucible onto the Au(111) surface kept at room temperature.
For the contact experiments, the status of the tip was checked by indenting into the clean Au(111) surface until the conductance curves showed the expected transition from tunneling to contact regime at a value of 1G 0 , indicative of a single-atom contact on noble metals (31) . To check their reproducibility, more than 150 conductance curves were acquired over the molecules, at different initial position. Geometry optimizations were performed on a density functional level (B3LYP/6-31G*) (32) using Gaussian03 (33) .
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